ABSTRACT: This paper reports an investigation into metabolic and endocrine maturity in the neonate lamb and the relationships between litter size, birth weight, and maternal metabolic and endocrine variables on behavior at birth and survival over the first 72 h of life. Data were from multiparous, fine-wool Merino ewes (n = 150; equal numbers of single-lamb and twinlamb bearing status) lambed on pasture after late gestational glucocorticoid treatments. Stepwise multiple regression analysis was used to investigate relationships between lamb survival, behavior, endocrinology, and physiology. Improved lamb viability at 72 h after birth was related to decreased chill indices at birth, singleton litter status, greater presuckling rectal temperature, increased ewe prelambing plasma ghrelin concentration, female sex, heavier birth weight, and decreased lamb presuckling plasma glucose concentration. Greater rectal temperatures were associated with heavier birth weight and gestation lengths shorter than 146 d, but no relationship with neonatal behavioral progression was evident. Presuckling glucose concentrations were greater in singletons and lambs born to ewes of greater BCS at d 95 of gestation, and lambs of heavier birth weight, but were also associated with decreased rectal temperatures. This might reflect a delay in glucose utilization during the adjustment from a fetal metabolic rate to a rate appropriate for cold external environments. Singleton lambs exhibited decreased presuckling plasma NEFA concentrations and were almost 8 times more likely to survive to 72 h than a twin-born lamb. Birth weight was lesser in lambs born to ewes with elevated plasma glucose and leptin concentrations before lambing and was positively related to ewe BW at d 95 of gestation and to length of gestation. Greater presuckling plasma ghrelin and leptin concentrations were measured for shorter gestation lengths. Neonate presuckling ghrelin concentrations above 650 pg/mL tended (P = 0.077) to be associated with improved lamb survival to 72 h. This was consistent with a curvilinear decline in neonate survival rates to 72 h after birth as time of latency to suckle increased. No relationship was observed between lamb plasma glucose concentrations and behavioral expression after lambing. Lambs exhibiting greater metabolic and endocrine maturity at birth had improved survival in a cold environment to 72 h after birth. The role of ghrelin in ovine fetal development warrants further investigation.
INTRODUCTION
Perinatal mortality is a major contributing factor to reproductive wastage in sheep (Hight and Jury, 1970; Sykes et al., 1976) , with average losses of 20 to 30% of lambs born, and 30 to 40% of twins in Australian Merino flocks (Walker et al., 2003) . Improved neonate survival may be related to increased metabolic matu-rity at birth (Greenwood et al., 2002) , as indicated by a greater relative reliance on glucose and NEFA than on AA for energy needs (Thompson et al., 2006) , and improved behavioral competency and thermoregulation ability in heavier birth weight lambs (Dwyer and Morgan, 2006) . Birth weight is positively related to improved mid-gestational ewe nutritional status (Knight et al., 1988; Everett-Hincks and Dodds, 2008) and improved feeding in the last trimester of gestation can increase the energy reserves and cold resistance of lambs (Alexander, 1962a,b) .
In addition to roles in energy homeostasis, ghrelin is involved in promoting birth weight and cellular proliferation in rodents (Nakahara et al., 2006) , and leptin has been linked to the regulation of fetal growth in humans (Henson and Castracane, 2006) . The prepartum cortisol surge plays a key role in fetal maturation (Liggins, 1994) , with glucocorticoid treatment of sheep in late gestation increasing circulating fetal leptin (Forhead et al., 2002) and neonate ghrelin concentrations (Miller et al., 2009 ). This likely indicates that these hormones of energy homeostasis also play a role in the processes of fetal maturation and thus influence neonate survival.
A previous report (Miller et al., 2009 ) described the effect of late gestational glucocorticoid treatment of ewes on fetal development and subsequent lamb survival and growth. The present study explores indicators of metabolic and endocrine maturity in the neonate under field conditions and relationships between litter size, birth weight, and ewe nutritional status on behavior at birth and survival over the first 72 h of life.
MATERIALS AND METHODS
The Animal Ethics Committee of the University of Tasmania approved the animal handling and experimental design of the initial experiment. This paper details an associative analysis of the factors influencing neonatal lamb behavior and survival under extensive management conditions, using data from an experiment previously reported (Miller et al., 2009 ).
Mating Management
Full details of ewe mating, management during gestation, and treatment administration are presented in Miller et al. (2009) . Briefly, multiparous fine wool Merino ewes (49 ± 6.0 kg, mean ± SD; BCS 2.8 ± 0.6; 1 to 5 scale, Russel et al., 1969) were naturally mated for 6 wk with poll Dorset rams in late February and March. The ewes were grazed at Cressy Research Station (41°44′13′′ S, 147°04′43′′ E), on perennial ryegrass (Lolium perenne)-and tall fescue (Festuca arundinacea)-dominant pastures. Mating date was estimated from rump crayon marks observed twice each week. Ewe BW at mating was calculated as the average of BW measured prebreeding and 14 and 42 d after the commencement of mating. Average BCS during the mating period was determined using measures of BCS taken premating and on d 28 and 42 of the mating period. Due to limited pasture supply during pregnancy, the ewes were supplemented with oat grain (12.7 MJ of ME/kg of DM, 11.1% CP, 18.1% ADF) or barley grain (13.1 MJ of ME/kg of DM, 10.4% CP, 6.2% ADF) every 2 d at about 300 to 500 g/ewe per d, and had unrestricted access to grass hay (7.6 MJ of ME/kg of DM, 11% CP, 62.4% NDF).
Mid-Pregnancy Ewe Management
Pregnancy scanning by an experienced commercial operator occurred 91 d after the commencement of mating, with ewes shorn around the back legs and udder on the following day. Ewe BW and BCS was recorded 95 d after the commencement of mating. Ewes were assigned to lambing groups based on crayon marks observed 14, 17, or 21 d after ram introduction for lambing groups 1, 2, and 3, respectively. There were 25 single-lambbearing and 25 twin-lamb-bearing ewes in each of the 3 lambing groups.
Dexamethasone Treatments
Glucocorticoid treatments were imposed to test if the prepartum cortisol surge could be altered to improve developmental maturity of the neonate. A full description of the treatments and responses is provided in Miller et al. (2009) , with the current paper focusing on an exploration of the maternal and developmental factors affecting lamb survival. From the 50 ewes in each lambing group, 5 single-bearing and 5 twin-bearing ewes were randomly allocated to 1 of 5 treatment groups, ensuring groups were balanced for BW and BCS during mating and at scanning. Treatments included a saline control (1 mL, intramuscularly in neck) or dexamethasone (DEX, 2 mg/mL as the sodium phosphate, Dexadreson, Intervet Australia Pty Ltd., Bendigo East, Victoria, Australia) injected at 1 of 2 dose rates (1.5 or 3.0 mg intramuscularly in neck) at d 130 or 141 of gestation. Due to the practical difficulties of blood sampling and behavior recording under field conditions, 150 ewes were considered a sufficient sample size to identify the important factors affecting lamb survival.
Prelambing Ewe Management
Ewe BW and BCS were determined, and ewes were vaccinated against clostridial disease (2 mL of Coopers Guardian 6 in 1 for sheep and lambs, Schering-Plough Pty. Ltd., Baulkham Hills, New South Wales, Australia) and injected for internal parasites (3.5-mL Cydectin Long Acting injection for Sheep, 20 g/L of moxidectin, Fort Dodge Australia Pty. Ltd., Baulkham Hills, New South Wales, Australia) 2 wk before the commencement of lambing; the ewes were then grazed as a single group in a 4-ha grass and legume paddock.
Jugular blood samples were collected commencing from 1400 h in one-half of the ewes at d 130 of gesta-tion, and in the remainder of ewes at d 141 of gestation. Blood (10 mL) was collected into evacuated blood tubes (Vacutainer, Becton Dickinson, Franklin Lakes, NJ) containing K 3 EDTA (0.117 mL of 15% K 3 EDTA) for glucose, NEFA, urea, and ghrelin analysis or sodium heparin (143 USP units) for leptin analysis. Collection tubes were inverted 8 times and placed on ice before centrifugation (1,120 × g, 10 min at 4°C). For ghrelin analysis, the storage tubes contained 10 µL of phenylmethylsulfonyl fluoride solution (10 mg/mL) and 50 µL of 1 N HCl per mL of plasma. All plasma samples were stored at −80°C.
Lambing Management and Neonatal Measures
At the commencement of the 20-d lambing period, ewes (60 ± 6.5 kg of BW) were placed in their lambing groups in 1.85-ha subdivisions of a 5.75-ha grass paddock. Pregrazing pasture (10.8 MJ of ME/kg, 22.3% CP, 51.9% NDF) was approximately 55 mm high and consisted predominantly of ryegrass (49% of DM) and orchardgrass (Dactylis glomerata, 28% of DM).
Observations, record collection, and sampling were as described by Miller et al. (2009) . Briefly, behavioral observations were made day and night on a 24-h basis during lambing (Dwyer and Morgan, 2006) , including date and time(s) of when the ewe first groomed the lamb, and the first standing (standing on all 4 legs for more than 5 s), the first seeking of the udder (nuzzling or butting ewe flanks or hindquarters near the udder), the first suckling (lamb in parallel inverse position, correct head presentation for teat access, may coincide with tail wagging), and the first bleating (audible vocalization) of the lamb. Ewes were allowed to lamb unaided whenever possible, and assistance was provided (n = 34) where dystocia was evident, generally 2 to 3 h after appearance of fetal membranes. Time of lamb death was recorded and autopsies performed to determine cause of death; cause of death was divided into 1) dystocia or 2) mismothering-and starvation-related cases (Holst, 2004) . Given cold environmental conditions and animal welfare considerations, any abandoned lambs that were considered nonviable were euthanized and autopsied.
At the time of their birth, lambs were identified with the mother and, before suckling, caught by gloved personnel, their sex recorded, and measurements taken of birth weight, crown-rump length, girth at the heart, and rectal temperature. After this a 4-to 5-mL blood sample was collected by jugular venipuncture and processed as described previously, with the exception that tubes were centrifuged at 3,000 × g. For ghrelin analysis, 0.6 mL of plasma was stored in tubes containing 175 µL of a fresh phenylmethylsulfonyl fluoride solution (10 µL of 200 mM stock solution added to 990 µL of anhydrous methanol) and 30 µL of 1 N HCl. Blood sampling occurred on average 29 ± 15.5 min (mean ± SD) after birth. During the lamb recording and blood sampling procedure, the maximum distance the ewe moved away from the lamb was estimated visually. After blood sampling, an eartag was inserted to individually identify the lambs, and then personnel retired from the tagging site and the time for the ewe to return to the lamb recorded. To minimize disruption to the ewe and lamb bonding process, lamb handling did not take place until after grooming and the lamb had commenced seeking the udder.
Weather Recording
Weather records were collected every 30 min during the lambing period at an official meteorology recording site located on the research station. This included precipitation, air temperature, relative humidity, and wind speed, which was used to calculate a chill index based on Kleemann and Walker (2005 where c = potential heat loss (kJ/m 2 per h), v = mean wind velocity (m/s), T = the mean air temperature (°C), R = cooling effect due to rainfall, e = the base of the natural logarithm, and X = rainfall (mm). Chill indices were reported for the time at birth and averages calculated for the periods 3, 6, 12, 24, 48, and 72 h after birth.
Plasma Analysis
Glucose analyses were performed using an enzymatic UV test (hexokinase method, Olympus kit-OSR6121, Europa GmBH, Hamburg, Germany; the level of uncertainty at a 95% confidence interval was ±0.14 at 15.6 mmol/L). Samples with hemolysis levels greater than 50 mg/dL (ewes n = 2, lambs n = 19) were not included in the analysis of glucose. Nonesterified fatty acid concentration was analyzed using an enzymatic colorimetric method (ACS ACOD method, NEFA CTest kit 279-75401, Wako Chemical Co., Osaka, Japan; ±0.4 at 0.91 mmol/L), and urea with a kinetic UV test (Olympus test kit-OSR6134; ±0.35 at 7.75 mmol/L). All tests were performed on an Olympus AU 400 autoanalyzer (Olympus, Hamburg, Germany).
Plasma ghrelin was measured in duplicate by a modified double-antibody RIA method based on the Linco total Ghrelin RIA kit (GHRT-89HK, Linco, St. Charles, MI) as described in Miller et al. (2009) . Briefly, duplicate 100-µL plasma samples or standards were diluted to 200 µL with assay buffer (0.01 M phosphate, 0.01 M EDTA, 0.08% sodium azide, and 0.1% gelatin in 1 L of double deionized water; pH 8.5). After addition of 100 µL of rabbit anti-Ghrelin (Human Ghrelin T-4745, Peninsula Laboratories, San Carlos, CA, diluted as recommended 1 in 50 in assay buffer), the tubes were vortexed and incubated at 4°C overnight. Then, 100 µL of iodinated human ghrelin (~10,000 cpm in assay buffer containing 0.025% Triton-X100 and normal rabbit serum diluted 1 in 500) was added, tubes were vortexed, and incubation was continued for 24 h at 4°C. After addition of 100 µL of donkey anti-rabbit serum (Ooopsie/91, RIA Laboratory, University of Western Australia, Crawley, Australia; 1:10 in assay buffer), the tubes were incubated overnight at 4°C. Then, 1.0 mL of 5% polyethylene glycol (PEG 8000, BDH, Poole, UK) in assay buffer was added before centrifugation at 1,500 × g for 25 min at 4°C. The supernatant was decanted and the pellets were left to dry overnight before the activity of the precipitate was determined on a gamma counter (Packard Cobra-II, Auto Gamma, Meriden, CT). The intraassay CV were 4.1, 1.8, and 3.8% at 57, 223, and 433 pg/mL, respectively.
Plasma leptin was measured in duplicate by a doubleantibody RIA (Blache et al., 2000) . All samples were processed in a single assay, and the limit of detection was 0.05 ng/mL. The assay included 6 replicates of 3 control samples containing 0.40, 0.91, and 1.79 ng/mL, which were used to estimate the intraassay CV of 7.9, 4.0, and 4.9%, respectively.
Statistical Analysis
One twin-bearing ewe of lambing group 3 had a prolapsed vagina 5 d before lambing, was treated by a veterinarian, and removed from the trial. One ewe from lambing group 1 and 1 ewe from lambing group 2 were scanned as single-bearing but failed to lamb and were not included in the analysis. One ewe from lambing group 3 was scanned as single-bearing but had twins, and 1 ewe from lambing group 1 was scanned as twinbearing but had a single lamb. These ewes were included in the analysis. To account for uncertainty around time of death for some individuals, lamb survival data were categorized into lambs dead at birth and those lambs surviving to 72 h after birth. Only plasma samples collected before suckling were included in the analysis.
The statistical approach selected aimed to identify the factors driving lamb survival for the complete data set of 147 ewes, while accounting for any carry-over DEX treatment effects. All statistical analyses were carried out using the SAS/STAT software (SAS Institute Inc., Cary, NC). Normality of the data was tested using PROC UNIVARIATE and data transformed (natural log) as required for dependent variables before statistical analysis. Time for ewes to return after lamb sampling could not be normalized by transformation, so the nonparametric Kruskal-Wallis test was used for the analysis. Significance was declared at P < 0.05 and trends discussed at P < 0.10.
Categorical data for lamb survival at 72 h, cause of death, and assistance at lambing were analyzed as binomial traits using PROC GENMOD and a logit link function. Variable selection was determined using stepwise multiple regression analysis and including the effects of DEX treatment, rate and timing of DEX treatment, and their interaction term in all analyses. Due to their relationship to cortisol increases in late gestation, litter size, birth weight group, and lamb sex were fitted regardless of significance. Birth weight was treated as a categorical variable by dividing into low (<3.25 kg) and high (>5.25 kg) groups > 1 SD from the mean, and a third group within ± 1 SD from the mean. Ewe BW and BCS at mating, scanning, and 2 wk before lambing, and the biologically relevant factors of lambing group, ewe and lamb blood characteristics, size at birth, gestation length, rectal temperature, and relevant chill indexes were then tested and retained in the model if significant. Relationships among the retained independent variables were tested by examining their relative contribution to the model, and nonsignificant variables were subsequently removed. Where the χ 2 test was significant for a factor, PROC FREQ was used for reporting frequency distributions of factors, which were divided into groups at ±1 SD from the mean. Due to variable data numbers associated with missing values, behavioral observations were examined individually. The regression equation between time latency to suckling and survival was produced using Microsoft software (Office Excel 2007, Microsoft, Redmond, WA). Due to limited numbers of lambs dying at birth and those autopsied, comparisons between survival frequency, cause of death, and relevant factors were made using the Fisher's exact test in SAS/STAT.
Continuous data on the characteristics and behaviors at birth and ewe and lamb blood measures were analyzed by stepwise multiple regression analysis using PROC GLM with a model adjusting for DEX treatment, litter size, birth weight group, and lamb sex as described previously. Ewe BW and BCS at mating and during pregnancy and other relevant factors were then tested as described previously. Continuous variables were divided into low and high groups >1 SD from the mean, and a third group within ±1 SD of the mean. Differences among means were analyzed using a protected (P < 0.05) F-test by means of t-tests. Least squares means are presented and back-transformed as required.
RESULTS

Survival and Assistance at Birth
Of 215 lamb records, 8 lambs were dead at birth. Lamb viability at birth was related to the birth weight and length at birth, where lambs heavier than 5.25 kg had a reduced (P < 0.05, Fisher's exact test) survival rate [frequency (f) = 0.875] than average BW (f = 0.980) or lambs lighter than 3.25 kg (f = 0.972). Lambs longer than 51.5 cm also had a reduced (P < 0.001) survival rate (f = 0.813) than average (f = 0.993) or lambs shorter than 40.5 cm (f = 0.971). There was no association (P > 0.10) of ewe BW or BCS, lamb-ing group, litter size, or lamb sex with lamb viability at birth. The model for assistance required at birth (n = 214, 33 assisted) contained litter size, estimated gestation length, and birth weight. After adjustment for other variables in the model, single lambs were 5.5 times more likely to require assistance at birth than twin lambs, and lambs heavier than 5.25 kg were 3.6 times more likely to require assistance at birth than average BW lambs. Increasing gestation length was related (P < 0.01) to an increased likelihood of requiring assistance at birth.
Survival to 72 h
Of the 215 lambs recorded, 64.6% survived to 72 h after birth. Lamb viability at 72 h after birth (n = 138 of which 99 survived) was related to chill index at birth, litter size, rectal temperature, ewe prelambing plasma ghrelin concentration, sex, birth weight group, assistance at birth, and lamb plasma glucose concentration (Table 1) . Single lambs had a greater survival rate to 72 h after birth (f = 0.822) than twin-born lambs (f = 0.556) and were almost 8 times more likely to survive (P < 0.01), after adjustment for other variables in the model. Female lambs had a greater likelihood (P < 0.05) of survival after birth (f = 0.693) than male lambs (f = 0.611). Lambs less than 3.25 kg at birth were 6.5 times less likely to survive to 72 h than average BW lambs (3.25 to 5.25 kg, P < 0.05; f = 0.444 vs. 0.674, respectively). Lambs not assisted at birth were almost 6 times more likely to survive than lambs that were assisted (P < 0.05; f = 0.661 vs. 0.559, respectively), after adjustment for other variables in the model.
Greater chill indexes recorded at birth resulted in reduced odds of lamb survival to 72 h after birth (P < 0.001, Figure 1) , and increases in rectal temperatures improved the odds of survival (P < 0.01). Increasing prelambing ewe plasma ghrelin concentrations (410 ± 14 pg/mL, mean ± SE; n = 217) and decreasing lamb glucose concentrations were also associated with improved likelihood of survival to 72 h after birth (P < 0.05). After adjusting for the effects of DEX treatment, litter size, birth weight, and lamb sex in a model, including lamb plasma ghrelin concentration, revealed a positive association (P < 0.01) of increased concentration with improved odds of survival to 72 h after birth. When grouped, more lambs (f = 0.828, P = 0.077) with plasma ghrelin concentrations >650 pg/mL survived to 72 h than lambs with average plasma ghrelin concentrations (f = 0.662), or lambs with concentrations <185 pg/mL (f = 0.552).
Time latency to grooming, standing, seeking the udder, and vocalization were not (P > 0.10) related to lamb survival at 72 h. Time latency to suckling (n = 63) was related to lamb survival 72 h after birth (Figure 2) , where increasing time latency to first suckling decreased the odds of survival at 72 h (odds ratio = 1.06; 95% confidence interval 1.02 to 1.11; P < 0.01). Due to the potential effects of sampling of lambs, this relationship should be viewed with some caution.
Rectal Temperature
The model for rectal temperature (natural log-transformed; n = 189; R 2 = 0.14) contained birth weight group (P < 0.05) and estimated gestation length group (P < 0.05, Figure 3 ). Single lambs tended (P = 0.065) to have greater rectal temperatures than twin-born lambs (38.2 ± 0.09 vs. 37.5 ± 0.08°C). Lamb sex and maternal plasma or body characteristics were not related (P > 0.10) to presuckling rectal temperature.
Birth Weight
The model for lamb birth weight (natural log-transformed, n = 212, R 2 = 0.57) contained the factors litter size, ewe BW group at scanning, sex, estimated gestation length, and ewe plasma glucose, and leptin concen- The odds ratios for single and female lambs are compared with twin and male categories, respectively.
2
The odds ratio for the low (>3.25 kg) birth weight group is compared with the medium birth weight group (3.25 to 5.25 kg).
3
The odds ratio for lambs not assisted at birth is compared with lambs assisted at birth. *P < 0.05, **P < 0.01, ***P < 0.001. Nonsignificant associations not shown.
tration groups (Table 2) . Singleton lambs were heavier at birth than twin lambs (5.2 ± 0.10 vs. 3.7 ± 0.07 kg, respectively, P < 0.001), and males were heavier than female lambs (4.5 ± 0.08 vs. 4.2 ± 0.08 kg, P < 0.05).
Behavior
Generally, postlambing behaviors were unaffected by litter size, lamb sex, birth weight grouping, or rectal temperature. Lambs took a median time to stand of 14 min, with a range of 3 to 80 min (n = 105). There was a tendency (P = 0.076) for lambs with lesser ghrelin concentrations (<183 pg/mL) to take less time to stand than lambs with greater (>653 pg/mL) ghrelin concentrations (11.6 ± 0.98 min vs. 21.2 ± 1.43 min, respectively).
Lambs took a median time to seek the udder of 21 min, with a range of 5 to 93 min (n = 77). Lambs with presuckling plasma leptin concentrations greater than 0.73 ng/mL took less time (P < 0.05) to seek the udder than lambs with average or below average (<0.41 ng/ mL) leptin concentrations (13.9 ± 1.21, 22.7 ± 1.04, ) and total daily rainfall (mm), chill index, average daily temperature (°C), and average daily wind velocity (m/s) during the period of lambing. Chill index was calculated using the formula of Kleemann and Walker (2005) . and 32.9 ± 2.68 min, respectively). Lambs took a median time to suckling of 51 min, with a range of 12 to 133 min (n = 63) and took 14 min (0.5 to 105 min, n = 102) to commence bleating. Time latency to suckling and bleating were unaffected (P > 0.10) by litter size, lamb sex, or birth weight grouping.
Distance ewes moved from the birth site during lamb sampling (15 m median, 7 to 30 m interquartile range, n = 126) was not (P > 0.10) associated with BW or BCS during gestation, estimated gestation length, or total birth weight. Assisted ewes did not move as far from the birth site as unassisted ewes (8 ± 1.2 vs. 15 ± 0.7 m respectively, back-transformed least squares means, P < 0.05) and twin-bearing ewes did not move as far away as single-bearing ewes (9 ± 0.9 vs. 13 ± 0.9 m, respectively, P < 0.05).
Time taken for ewes to return to the lamb after sampling was not related (P > 0.10, Kruskal-Wallis test) to litter size, birth weight of lambs, assistance, or estimated gestation length. Greater ewe BCS 2 wk before lambing resulted in less time to return to the lamb (P = 0.028, n = 145), with median latencies (and interquartile range) of 3 (2 to 6), 1 (0.5 to 4), 1 (0.5 to 5), and 0.75 (0.5 to 1) min for BCS of 2, 2.5, 3, and 3.5, respectively.
Lamb Metabolic and Endocrine Status at Birth
The model for lamb presuckling glucose concentration (n = 151, R 2 = 0.36, Figure 4 ) contained litter size (P < 0.05), birth weight group (P < 0.01), rectal Low is <0.65 ng/mL; medium is 0.65 to 1.44 ng/mL; and high is >1.44 ng/mL. **P < 0.01, ***P < 0.001. temperature group (P < 0.01), and ewe BCS at scanning (P < 0.01). Ewes with a BCS of 4 produced lambs with greater (P < 0.05) plasma glucose concentrations (6.1 ± 0.62 mmol/L) than lambs born to ewes with BCS of 3 or less at scanning. The model for plasma urea concentrations (natural log-transformed, n = 168, R 2 = 0.35) contained the factors birth weight group, lambing group, and chill index group at birth (Table  3) . Plasma NEFA concentrations (n = 169, R 2 = 0.15) were less (P < 0.05) in lambs born during low chill index conditions (<1,045 kJ·m Lamb ghrelin concentrations (natural log-transformed, n = 200, R 2 = 0.21) and leptin concentrations (natural log-transformed, n = 196, R 2 = 0.19) were associated with lambing group and estimated gestation length (Table 4) .
DISCUSSION
This study examined indicators of metabolic and endocrine maturity at birth and provided, for the first time, a relationship between elevated maternal prelambing and neonate presuckling plasma ghrelin concentrations, and improved lamb survival rates to 72 h after a-c Means within a category with different letters differ (P < 0.05). Litter size: low indicates single lamb litters, and medium indicates twin litters. Birth weight group: low is <3.25 kg; medium is 3.25 to 5.25 kg; and high is >5.25 kg. Rectal temperature group: low is <35.4°C; medium is 35.4 to 39.4°C; and high is >39.4°C. Table 3 . Presuckling lamb plasma urea concentration (mmol/L) was related to lamb birth weight, lambing group, and chill index experienced at birth Low is the first lambing group; medium is the second group; and high is the third group. birth. Other lamb characteristics associated with improved survival to 72 h included singleton litter size, female sex, unassisted delivery, average birth weight, greater rectal temperatures, and shorter times to first suckling. Shorter gestation lengths were associated with elevated plasma ghrelin and leptin concentrations and improved thermoregulatory ability. These observations suggest that more advanced maturity at birth, in terms of thermoregulation, behavior, and concentrations of circulating ghrelin, underlies an improved rate of adaption to external environments.
Survival-Birth Weight, Litter Size, and Sex
As previously reported, heavier lambs (Alexander, 1962a; Dwyer et al., 2001; Sawalha et al., 2007) and singleton lambs (Hight and Jury, 1970 ) had superior survival rates to 72 h than lighter and twin lambs, respectively. Given the importance of prevailing environmental conditions to the prospects of survival during the neonatal period, this improved survival likely related to improved thermoregulation ability (Alexander and McCance, 1958; Symonds et al., 1995) . This may be via reduced relative heat loss due to lesser surface area-to-volume ratios (Alexander and McCance, 1958) , an increased availability of energy reserves for heat generation (Alexander, 1962a) , or greater thyroid activity (Dwyer and Morgan, 2006) . In support, heavier and singleton lambs were observed to have greater rectal temperatures and plasma glucose concentrations, and singleton lambs also had decreased plasma NEFA concentrations, indicative of less fat mobilization.
Whereas lamb birth weight was positively related to ewe BW at scanning, as reported previously by Everett-Hincks and Dodds (2008), birth weight was less in lambs born to ewes with elevated plasma glucose and leptin concentrations before lambing. This was unexpected because plasma leptin and glucose have been positively associated with maternal nutritional status and body fat content (Thomas et al., 2001; Mühlhäusler et al., 2002) . Thomas et al. (2001) observed a negative relationship between maternal plasma leptin and lamb birth weight in adolescent ewes and suggested a signaling role for leptin in the placenta, possibly associated with nutrient partitioning. Although our study used multiparous ewes, it is possible that this association of lighter birth weight with greater leptin reflects nutrient partitioning away from the fetus toward maternal tissue accretion. Plasma leptin in goats at d 130 of pregnancy is inversely related to the number of fetuses present, and so hypoleptinemia in late pregnancy may reflect other nutritional adaptations, such as depletion of maternal fat reserves to achieve adequate fetal growth, or in the preparation for lactation (Bonnet et al., 2005) . Further research is needed to determine the relationship between ewe leptin concentrations and lamb birth weight, and the physiological and molecular regulatory factors involved.
Although male lambs were heavier at birth than female lambs, almost 70% of females survived to 72 h after birth, compared with 61% of males. The prepartum surge in cortisol has been reported to occur earlier for male than female twin fetuses, although not in singles Gardner et al., 2004) . If cortisol exposure is a primary driver of adaptation to the external environment, then a reasonable expectation would be that males would have a superior survival prospect than females immediately after birth. However, a large study of male Scottish Blackface lambs born under cold environmental conditions reported they had a greater mortality risk than female lambs at birth and in the first 14 d of life (Sawalha et al., 2007) . Further, male Suffolk lambs were reported to be slower to stand and suckle than female Suffolk lambs, although this was not observed in the Blackface breed (Dwyer, 2003) . In our study, sex differences were not observed in rectal temperature, requirement for assistance at birth, lamb behavior, or measured presuckling plasma metabolite concentrations. This indicates that other drivers of maturity at birth also play a role in sex differences in adaptation to external environments. Table 4 . Presuckling lamb plasma ghrelin (pg/mL) and leptin (ng/mL) concentrations were related to lambing group and gestation length Low is the first lambing group; medium is the second group; and high is the third lambing group.
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Low is <146 d; medium is 146 to 150 d; and high is >150 d. *P < 0.05, **P < 0.01, ***P < 0.001.
Survival-Maternal and Neonate Ghrelin
There was a positive association between ewe prelambing plasma ghrelin concentrations and the odds of a lamb surviving to 72 h after birth; this was consistent with the trend toward increased lamb survival with greater presuckling plasma ghrelin concentrations in lambs. In our study, greater plasma ghrelin concentrations were also related to shorter gestation lengths. In human neonates, ghrelin concentration in cord blood is inversely related to birth weight, being elevated in small-for-gestational-age newborns, and suggestive of ghrelin playing a compensatory growth accelerant role (Farquhar et al., 2003; Kitamura et al., 2003) . After accounting for lambing group and gestation length, we did not observe relationships between plasma ghrelin concentrations and birth weight or litter size in the current study. More recently, the role of ghrelin in promoting fetal development in late gestation has been demonstrated in rodents, with increases in birth weight after maternal ghrelin infusion (independent of maternal feed intake or GH release), decreases in birth weight with active immunization of mothers against ghrelin, and stimulation of the proliferation of skin cells in culture by ghrelin (Nakahara et al., 2006) . That study also indicated that maternal ghrelin rapidly and easily crossed to the fetus in late gestation in that species. Placental ghrelin may also influence fetal growth indirectly through modulation of GH secretion from the anterior pituitary gland (Harrison et al., 2007) .
If ghrelin plays a similar role in fetal development in sheep as that reported in rodents, the association between maternal, and neonatal, ghrelin and subsequent survival supports the concept that ghrelin may play a role in fetal preparation for the external environment. Furthermore, the relationship between cortisol and ghrelin concentrations and action during gestation is worthy of further investigation, particularly given the role of cortisol in fetal maturation (Mellor, 1988) , parturition (Mellor, 1988; Thorburn, 1991) , and thyroid hormone-mediated thermoregulation (Dwyer and Morgan, 2006) , and the ability to manipulate ghrelin concentrations using glucocorticoids (Miller et al., 2009) . Although lambs born after a gestational length less than 146 d had greater rectal temperatures and greater ghrelin concentrations than lambs born after a longer gestation length, a significant relationship between neonate circulating ghrelin and rectal temperature was not evident. Further research on the role of ghrelin in regulating ovine fetal development and influencing survival is required.
Lamb Metabolic Status at Birth
Greater rectal temperature was associated with reduced plasma glucose concentrations; this is consistent with the observations that less glucose and elevated rectal temperatures in lambs were related to an improved chance of lamb survival to 72 h. Circulating fetal plasma glucose is increased with improved maternal nutrition in late gestation (Mühlhäusler et al., 2002; Yuen et al., 2002) or maternal glucose infusion (Devaskar et al., 2002) and is an energy source for thermoregulation before suckling. Thompson et al. (2006) proposed that metabolic maturity in neonates is characterized by relatively increased reliance on glucose and NEFA in comparison with protein-based energy sources. It is possible that greater plasma glucose concentrations 30 min after birth are indicative of a delay in glucose utilization during the adjustment from slower fetal metabolic rate to a rate appropriate for adapting to increased chill external environmental conditions during the first 30 to 45 min after birth (Alexander and McCance, 1958; Sykes et al., 1976) .
There was no relationship between plasma glucose concentrations and lamb behavioral progression postparturition. Thompson et al. (2006) reported that plasma glucose concentrations were 50% greater in lambs from a flock selected for staple strength and were associated with improved lamb survival. Thompson et al. (2006) considered that this was due to reduced muscle clearance and the potential for enhanced entry into the central nervous system, possibly resulting in enhanced awareness and learning capacity. Our results do not support this hypothesis, although, in this trial, measured glucose concentrations appear elevated compared with other studies (Greenwood et al., 2002; Thompson et al., 2006) , possibly due to differences in timing of sampling.
Elevated plasma NEFA and urea concentrations were related to environmental challenge at birth (high chill index), presumably as additional neonate energy reserves of lipid and AA were mobilized (Alexander, 1962a) . In cold environments, elevated rates of heat production (66 kJ/h per kg) can be maintained by lambs for the first few hours after birth; however, this drops significantly (30 kJ/h per kg) in the period from 2 to 24 h after birth (Mellor and Cockburn, 1986) . These blood urea concentrations indicate that rapid oxidation of AA occurs before suckling in lambs exposed to cold conditions.
Behavioral Expression and Survival
Time latency of neonates to expression of suckling behavior was directly related to survival to 72 h, with a decline in survival rates as time to suckle increased. This is consistent with the results of Dwyer et al. (2001) , who reported that lambs surviving to 8 wk of age were quicker to stand and suck than lambs that did not survive, and this was associated with improved thermoregulation (Dwyer and Morgan, 2006) . Under winter lambing systems, the newborn is exposed to elevated cold stress. Therefore, the ability to implement nonshivering thermogenesis and rapidly bond with its mother is vital to neonate survival immediately postpartum (Dwyer et al., 2001 ).
The time latencies to stand and suckle are consistent with the observations reported by Cloete and Scholtz (1998) for lambs born to medium wool South African Merinos under field conditions, and by Nowak et al. (2008) . Ewe and lamb behaviors were unaffected by prevailing weather conditions in the field, as summarized by a chill index, following a similar temporal progression to that observed by Dwyer et al. (2001) for indoor lambing of Scottish Blackface sheep at near ambient temperatures (average 8.5°C). This result implies that the temporal sequence of behavioral expression after parturition occurs relatively independently of the prevailing environmental conditions.
Lambs with elevated plasma leptin concentrations took less time to seek the udder than lambs with decreased concentrations, with no relationship observed with time latency to suckling. Circulating leptin concentrations are likely positively related to the amount of fetal adipose tissue present (Mühlhäusler et al., 2002; O'Connor et al., 2007) , so this relationship may reflect a greater availability of energy reserves for neonate activity or thermoregulation and not a drive to suckle per se.
In conclusion, although prevailing weather conditions determine, to some extent, the odds of survival to 72 h after birth, this study provides evidence that circulating maternal and lamb ghrelin also play a role in determining neonate survival, independent of birth size and feeding behavior. Shorter gestation lengths were associated with elevated presuckling plasma ghrelin and leptin, and improved thermoregulatory ability, with greater survival rates observed for lambs with reduced times to first suckling. These observations support the hypothesis that more advanced fetal developmental maturity at birth underlies an improved rate of adaption to external environments. Further research is required to clarify the mechanism by which cortisol and ghrelin interact to alter fetal developmental maturity in late gestation.
